The oral cavity is characterized by the presence of a very complex bacterial flora. More than 150 bacterial species, mainly gram-negative anaerobic rods, have been isolated from patients suffering from periodontal diseases (14) . These diseases could arise from the simultaneous action of several bacterial species or the action of a single, highly pathogenic species whose development is aided by nutritional interactions and population shifts (11) .
Most bacterial species from the oral cavity are only weakly virulent on an individual basis. Studies of experimental mixed anaerobic infections involving Bacteroides gingivalis suggest that interbacterial cooperation is of utmost importance in that most infectious mixtures contain one strain that aids the growth of B. gingivalis (3, 9, 12, 18) . Growth factors that have been identified so far are naphthoquinone (9), a compound related to vitamin K, and succinate (3, 7, 12) , a metabolic by-product of certain bacterial species. B. gingivalis is able to use succinate, in place of hemin, for its growth (12) .
The aim of this study was to characterize the nutritional relationships existing among three bacterial species which can be present at various stages in periodontal diseases: B. gingivalis, Wolinella recta, and Bacteroides melaninogenicus.
MATERIALS AND METHODS
Bacterial strains and growth. The type strains B. gingivalis 33277 and W. recta 33238 were obtained from the American Type Culture Collection. Strain B. melaninogenicus 7A3 was isolated from a patient suffering from periodontitis and was identified as described by Holdeman and Moore (4) . Growth of the two species of Bacteroides was carried out in a Trypticase (BBL Microbiology Systems)-yeast extract medium containing glucose (2.5 g/liter), hemin (10 ,ug/ml), and vitamin K (1 ,ug/ml). This medium was first described by Sawyer et al (16 gingivalis and W. recta was carried out in Todd-Hewitt broth with formate and fumarate, whereas the cocultivation of B. melaninogenicus and W. recta was achieved in Trypticaseyeast extract medium without hemin but containing fumarate (0.2%). The media were inoculated with a 2% volume of an overnight culture. Samples were taken at the various steps in the growth cycle for the determination of viable counts and for the analysis of metabolic by-products.
Characterization of the growth factor produced by W. recta. (i) Extraction. The method used to extract the protoheme was that of Rizza et al. (15) . The cells from a 2-liter culture (48 h) were harvested and suspended in 20 ml of a mixture of acetone, water, and concentrated HCl (50:10:25). They were stirred vigorously for 2 h at 4°C in the dark. After centrifugation (10,000 x g, 15 min) the supernatant was extracted twice with 20 ml of ether, and the two ether fractions were combined. Porphyrins were extracted with 4.5 N HCl (40 ml). The ether fraction containing the protoheme was then extracted twice with 0.3 N HCI (40 ml). Finally, the ether was evaporated under vacuum, and the protoheme was dissolved in 5 ml of 0.1 N NaOH. Insoluble material was removed by filtration (0.3-,um pore size).
(ii) Absorption spectrum. The absorption spectrum of the extract was determined with a Unicam SP.800A spectrophotometer scanning between 350 and 700 nm. The protoheme extract had been previously transformed into pyridinehemochrome as described by Falk (2) .
(iii) Thin-layer chromatography. The protoheme extract was examined by thin-layer chromatography on silica gel (no. 13179; Eastman Chemical Products, Inc.) by using the protocol of Doss (1). The solvent system used for the migration was benzene-ethyl acetate-methanol-butanol (82:14:3:1, vol/vol). o-Tolidine was used to develop the chromatogram.
(iv) Quantitation of the growth factor. The presence of the growth factor in the culture supernatant during the growth of W. recta was evaluated by a biological assay. At different times, a sample was taken, filter sterilized, and added (100 ,ul) to a medium lacking hemin (5 ml). This supplemented medium was inoculated with hemin-depleted cells of B. gingivalis. The optical density reached after 48 h of growth indicated the relative quantity of the growth factor.
Formate determination. The concentration of formate was determined by incubating a sample (100 ,ul) at 37°C in the presence of phosphate buffer (0.5 M, pH 7.0, 250 ,ul), nicotinamide adenine dinucleotide (0.02 M, 100 ,ul), and formate dehydrogenase (8 U/ml, 50 ,ul). After incubation for 6 h, the reduction of the NAD was determined at 340 nm. Figure 1 shows the individual growth curves of B. gingivalis and W. recta as well as the growth curve of a mixed culture of the two strains. These curves indicate that a nutritional relationship exists between the two bacterial species. The viable counts performed during these growth studies show that the presence of W. recta strongly stimulates the growth of B. gingivalis (Fig. 2) . W. recta also grew slightly faster in mixed culture. On the other hand, the final concentration of succinate (20 mM) produced by W. recta in pure culture was similar to that produced in the mixed culture. This fatty acid, which is recognized as a growth factor for B. gingivalis, does not seem to be involved in the growth stimulation. This was confirmed by growing B. gingivalis in a culture supernatant (29 h) of W. recta. Good growth was obtained without any decrease in the quantity of succinate initially present. Using an autoclaved culture of W. gingivalis. The growth of B. gingivalis was, therefore, independent of the growth of W. recta. The growth factor produced by W. recta was present in the culture supernatant, on the bacterial cell walls, and inside the cells.
RESULTS
We were able to isolate this nutritional factor in sufficiently large quantities by using a method for the extraction of protoheme. Adding 2.5 ,ul of the extract to 5 ml of medium lacking hemin allowed B. gingivalis to reach an optical density (660 nm) of 1.2 after 24 h of incubation. The absorption maxima of our substance occurred at 415, 520, and 550 nm. These absorption maxima correspond with those of the commercial hemin (no. H-2375; Sigma Chemical Co.). Similarly, the results of the thin-layer chromatography showed that the growth factor produced by W. recta migrated exactly the same distance as the hemin standard.
According to our biological assay, the production of the 48 TIME (hours) growth factor in the culture supernatant of W. recta occurred principally after the optical density of the culture reached 0.2. Later on and until the end of the exponential phase (optical density of 0.45), the quantity of the growth factor in the culture supernatant increased continuously. When the lytic phase began, we observed a partial destruction of the growth factor. From the experiments demonstrating a stimulation of the growth of B. gingivalis it was shown that hemin added to the culture supernatant (after 36 h of growth) of W. recta at 37°C was also partially degraded over a 5-day-period.
A second mixed culture consisting of B. melaninogenicus and W. recta was studied. The curves obtained from growth in mixed and pure culture are shown in Fig. 3 (Fig. 4) . A synergistic relationship was shown to exist, where each population was helped by the other. The nutritional factor produced by W. recta, already identified as an analog of hemin, was responsible for the growth of B. melaninogenicus. The production by B. melaninogenicus of another growth factor permitted the subsequent growth of W. recta. The analysis of the metabolic by-products found in the culture supernatant of B. melaninogenicus grown in pure culture showed that formate production paralleled the growth and reached 15 mM at 48 h. When this supernatant was filter sterilized and inoculated with W. recta, the formate disappeared. Furthermore, the addition of commercial formate at 7.5, 15, and 30 mM in a medium uninoculated with B. melaninogenicus allowed W. recta to grow, respectively, 6 12 24 36 48 TIME (hours) 
DISCUSSION
Periodontal diseases affecting the tissues surrounding and supporting the teeth seem to result from mixed infections. These infections represent a synergistic process by which aerobic and anaerobic bacteria act together to produce the disease. Two mechanisms of interbacterial cooperation frequently encountered are either the production of a growth factor that stimulates the development of a virulent bacterial species (11) or the association by adherence of two bacterial species (5, 6, 10) . In this study it was possible to demonstrate a commensal relationship between B. gingivalis and W. recta and a synergistic relationship between B. melaninogenicus and W. recta. The growth factor produced by W. recta was identified as a compound related to hemin. It is probably derived from cytochrome b, which has already been shown to be present in Wolinella succinogenes (22) . The rate of lysis of W. recta ( Fig. 1) could explain the appearance of this substance in the culture medium. The ability of W. recta to synthesize this growth factor would allow one to consider this bacterial species as potentially important in the initiation of periodontal diseases, especially since black-pigmented Bacteroides spp., whose growth is dependent upon hemin, are found in high concentrations in infected sites of patients suffering from periodontal diseases (19, 21, 23 It has already been shown that specific population shifts can occur in favor of anaerobic gram-negative rods in gingivitis (8) or adult periodontitis (17) . It now seems that the development of a periodontal lesion is associated with mechanisms which favor bacterial successions (5, 11) . A hypothesis has already been proposed (5, 6) , at least concerning the very first steps in disease initiation, i.e., interbacterial aggregation. According to this hypothesis, important bacteria in periodontal disease could colonize a specific site with the help of other bacteria (not necessarily pathogens themselves). Nutritional interactions could then represent a second stage in these population shifts.
